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. SYSTEMATIC“INVESTIGATIONSOF !HiEIIWUJENOE OF..

THE SHAPE OF TBE PRoinz UPON TEE POSITION

.. OFZTHE TRANSITION POINT*
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The position
lamlnar/turbulent

Busmann and A. Ulrioh “

of the beginning of transition
as a function of the thhlmess and the

!
,
1

. ..

oamber ‘ofthe profile at various Reyn~lds numbers and
lift ooefflolents was Investigated for a series of
Jmkowsky profiles. The calculation of the boundary
layer was oarrled out aocordlng to the Pohlhausen
method which may be continued by a simplified stability
oaloulation acoordlng to H. Schllchting (4). A list
of tables Is given which permits the reading off of
the position of the transition point on suotion and
pressure side for each Joukows4 profile.

OUTLIIW

1. Statement uf the problem

II, Extent of the inv&tigation

111. The caltiulationof the potential velocity and the
praotioal application o.fthe boundary layer and
stabi”lltycalmilations:

[1
a Potential flow
b Boundary layer and stability calculation

*nSystematl’soheUntersuohung6n fiberden Eilifltiss
der Profilform auf die Lage des Uhschlagspunkteq.”
Zentrale fti tissensohaft~iahesBertohtswesenmder “ ~“
LuftfWu?tforsohung des Generalluftzeugmelsters (zWB)

‘“””Bbrlin%k!llez%tiof,Teohnisohe Bertchte und Vorabdruoke
aus Jahrbuoh 19f+3der deutsohen Luftfahrtforsehung,
Band 10(1943), Heft 9, Sept. 15, 1943, IA 010, pp. 1-19.
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IV. Results: . ,

(a) Influence of the-.ca%lue andcof the
Reynolds number

[1
b’ Influence of the c&ber’ of”the profile f~t
c I@luepGe of’the thiokaess of the

profile d/t
(d) List of’tables for the separation and

Instablllty points for all J&kcIwsky profiles
(e) Mean value of the Iaminar-flow distance of

suotlon and pressure side f’orall Joukowsky
profiles

v. summary .
.

VT. References

SYMBOLS

X,y .

s

t

tt

U.

qd

5P4

6*

rect&gular coordinates In the plane

profile”contour length starting from
the nose of the profile

wing chord

length of the profile contour from
nose to trailing edge (different for
pressure and suction side)

velocity of incomhg flow

potential velocity at the profile

boundary layer thickness according to
Pohlhausen P4

displacement thlolmess of the boundary
layer

6P42U.g4n— UT nondimensional boundary layer thickness

t dUm
Ap41=~47j-x form parameter of the boundary~yer

profiles aooor.dingto Pohlhausen P4
.
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nose of th9.pi~fi.l? .

SAP6 pisitlon.of the s@aTation
aooordtig to .P6method

1, STATEMENT OF * PRO~@

. ...’
,.

point “
“.
.:.,.

. .
,.

The nosltlon of’the transition Point laminar~turbulent
in the fi~ctlonal boundary layer is ~f deolaive importance
for the problem d’ the theoretical calculation of $he
profile drag of an alrfoilsince the friction drag
Uepends on it to a high degree. The position of the
transition point on the airfoil is largely dependent
on the pressure dtstributlon along the oontour of the
profile and, therefore on the shape of the airf~
section and on the lifjuxzefflcient. A way ~+!eoretioal
calculation of the start of transition (instability
point), that is, the point downstream from which the
boundary layer 1s unstable, was recently indioated
by H. Schllchting (1,3,4) and J. Pretsch (2).

According to presenlsconceptions the turbulence
observed in tests develops from an unstable condition
by a mechanism of exoitatton as yet little known;
therefore, the experimental transition point is always
to be expected a little further back than the theoretical
Instability point.

~owledge of the theoretical Instability point is,
nevertheless, important for the researoh on prof’lles,
in partfcW for the drag problem. Recently a report

‘An”extract of this report was given In a leoture
of the first~ author at the Llllenthal meeting
for the discussion of’bounelayer problems In
(3Z)ttlngen.onOctober 28 and 29, 1941.
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!%
-!%:*“’:J:!~&; due to a poslt~w

was made about..a:i~%~~~.8.&@$
very far back of”the Ins’tdbl“$ U&d transition polntj
have sw rislngly. small .~8g oq~f~lciwts l~r

J’profiiles. i“.WIus.far no..Syqt.@4t$@ nlnveq,l@@ton9 oi..
the Influence’of we “shapeot.“we @rofile ypon the “
posttipn of.the transition’point have been made elkhq?
exper~mental.lyQZ?theoretloall~...~..The.following cal~:A..
I.atlonof the theoratlqal ~nstabjllty point is, ‘ “
therefore, given for the first tltiein a sufficiently
large range or c +yalues ,andRdyndlds numbers to

+ systmtizatio~ .ofairfoil sections; .achieve q greate
In order to.keep We extent”of “Calculationswithin ‘ “
tolerable llm~%s only the two most important profile
parameters, thickness and camber were varied. A rather
convenient and accura.~emode OE csalculathh of the
potential flow for the profiles Is tmportant f’orthese
investigations.and the.selecti.onof a series of .
Joukowsky proffl.leswas, therefore natural.. It was .
not advisable to-~lce:”for.insbce”,tie NACA series ,a$:
a ‘baslsjthe cal.cula.tlcmof’the .potentlalflow for .. .
such profiles accordiqg.to the methods at present ,....
available does not achieve.tlieaccul+acywhich is . .-
requlred here. ‘ . ‘. . . . . .. . .-

11. .~TENT OP’THE INVESTIGATION‘ - “-“ ... ...

A series of ordinary Jo&ow&y profiles ~~.the “, -
relative thicknesses #t = 0, 0.05, Q..mQ, o.~o,
oo~5 &md fie relative cubers f/t = 0, 0,02, 0.C4,
0.08 were taken as “abasis. (See fig. 1.)..For instance,
J 415’stahds for the .Joukows@ profile of’camber .. ““ .
f’/t= 0.04 “8nd th”e thickness d/ti =. 0.15. The c -reglm.
which.was.examliied ~s “ ba = O t~ 1 anti the Re+mm%er .“.;,.
.. Uo”t.’ 4 :. 8 “.:

..

range Re=7=10 to10. The complete calculations..
were ’carr~~dout onl” for the f’ollowlng refiles:

I 5
000,. ‘

005} 015, 025,. 215; 00, 42.5,4P5, ~%o, 15, and. 825. - ~
The results”for the remaining profiles could be”obtqined
by Interpolation. Thus it was possible to ubtafl.na
resuj).tw~th.tolerable-loss of time ?.nspite of the “very. .
extensive.program.:(.four..parameter.s)j-a nert.ail’l’~rnomt“
of accuracy @d”to, bo neglected since.the ~nte.rpelation
sometinipswiiscarried.ou”~qvbr three pointq... --

.. ,’.
. .. . .“.
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,,111.~, CAWULATION OF ~ PO!EENTXALVELOCITY.,. .,. . ..

ti !&E iTW!ICti APPLICA&O~ OF “THEBOUNDARY” “.. .. ●

- ~ STABILITY C~lJLATI&S “ .

:(a) The Potential Flow “

The oalculatlon of the potential velooity with its
first and seo~d derivatives along the profile contour
forms the basis for a bou@lary IQyer and stablllty .
oalatlation. The potential flow about e Joukowsky
profile Is obtalne~ by oonfoml mapping of the flow
about a oirml.ar oyllnder. (See fig. 2.) “

A short llst of the most Importamt symbols “and
formulas for the profile contour and for the velocity
distribution follows: -

}

~rnx+”iy

EnE+tq
= Coordinates In the cmmplex plane

mapping function: ..

. .

Cirole Kj++mean camber:line..ofthe profile. “

circle K +cambered prof’lle

a ..

R ‘: .-.........
t .,

.

radius of the unit clrole in the -lane

r~diua ?f’the olrole to he mapped In the z-pl&ne

wing ohord”. ‘

length of the profile oontour from nose to
tral~~ edge (different for.suotlqn And
presswe side) . .j . .. .... .. .

.... ...
coordinates.@’ the renter of the’cirolb to

be mppe.d in the z-plane (cirole K)
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~s Y1 oenl%r cx$ordiriates’“of”“thetipplhg oimle “& the
mean o.amberl~e, of @e profile (circle KJ+)

varying ang@ar. .coqrdlnateof the oonformal
transftimtion “

-P zero lift direotilon(See fig. 2,)

a angle of attaok of’the airfoil rpferred to
the thecq?bticalchord ,... .

a8
geometrical Angle.of.8ttackrefereed to the
:“ bi~ent .(See fig= 2.) ..

Profile nose: q:f=w”+”~ , “ “. .
+

Trailing edge: q = ~ “ . .

‘o—Oea 1=

Y1 “
‘=64=a

.

1.
thichess parameter: k = 1 + $1 . .

. See table 1.f.’“ “

camber parameter . .
. .

P = aro cos

e

= arc sin
2

i-+i-
2

.m, f..

. .

The profile paran.mtcrs Cl, S4, ~d @ can be $omd
in table 1.

Profile oontour: .;

,lk,[~~vcoap-.~f+~+l+::;?]

1

““:

k

[(”” ,

... (l)”

E )( ‘)]
-+k”4+J-”5Wl-i “ ~

. .!.

— , , .,—. mm-m ¤~m~m ~ IIIII■ ■ IM 11111
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~Nose radius P/t:

For symmetrloal profiles the equation,.

~G12 .

. . ;= .“ ‘ ‘“’
1 1 + ’261 + 4612 . (2)

is valid exactly. This formula may with a good approxi-
mation also be applied to cambered pmofiles. The
numerical values in table 1 show that the nose radius
of the Joukowsky profiles Is only little
for the NACA profile f’aml~yaccording to
for.which P/t = l,l(d/t) . “

larger than
NACA report 460

Velqd.ty &lstributton: .
.

Um -

1, Stagnation points: Baok q = -13 ,

.



.

8/ .
-.
Velocity at

.“

.. , .,

the ..tra;iing..”

.. . . 1
.,, . .
.,

e’dge: “

lim

()
q)--++ ~=—

““ ~w
Arc length:

%“
1.

s as a function of CD

. .

NACA& rio. 1185 ‘

., .

. .

(5)

(6)

is ta be ascertained from (6) by
graphical integration-or can be seen directly in an
enlarged presentation of the profile contour (t = lm)c. . .

velooi.ty”gadient:.. “.

{

ldUm=2 N “
~~ N? a~s

+ B
[(Sln q)~p

A= “~4 ~ m

N1 =“(N -1)2+A2 .

. .

(CP-a)

-a) + sin (a

}

- Pjj

).Sfn q

B“-= ~1 ~1
.[

-IV (N– “ i7Ac0ai!“$l)Nf”+2k 1+6

“ “’kFT’(1’~ ‘ + ‘4’ co’‘)’ “) v
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.: ’... ~“
The fir8t deii.ktive of the otentlal velooiby.with..- d%m
respeot to the arc lath .= ~S.Qal”+$e?. ..

numerically from equatlor.s.(6) &nd 7.),and from that
&d=

graphically the sebdld.derivative -,”” ‘
d#-

Relatlon between Oa and a:

..
‘Oa ~ 8+.il(u+P) “ “

,. .

(b) Boundary+Layer and Stability Calculation

After calculation of the potential ve~ocit~ with-
Its first and second derivatives along the profile
oontour there Is a boundary-layer and stability calcu-
lation to be made for each profile. The boundary-layer
calculation @cordifig to Pohlhausen (5) was based upon
the differential equation for the boundar layer thick-
ness in the shape Indicated by Howarth (6~2,

. . .,
. .

.
21n the meantime-a simpler form of the Pohlhausen

equation was indicated by H, Holsteln and T. Bohl”en(10)
where the momentum thickness appears as lndep.en~ent
variable. For this method the second derivative U’t“
Is unneoessaryj the integration procedure Is thus
simplified ooneiderably. .’“.

. ..
.“ . .

. . .:.
.

*8 e ..”
..

.4 .“
..
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me

3?Wi TI1

. .following for

,“
,.”

. . .
. . . ..-.

boundary layed. P!+,thickness~according to

. .

?ohlhausen
‘4 “

2-
f(i)

.

,

. . .
.,..

--”+%$%“’”:.“.z -“-lb. ,>, ‘“
630 630 lay+J+

.. . .

g(h) G

. .

.

:
. .

\ lit . .
. .

. . .. .

. .
.L’ =””-

0
-?J.W “ “ .“. .

(9)

that 18.3-~ . .“ . . . .
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Besides, - “ ‘ ,.”. ““. : “, --” “ . ....% ,

’40T - -’G;w39%’.-u~ “ (10)
,.. :.

The Isocllne method WSS selm”ted for the soluiion of
the c!ilffsrential.equatlm.. The particular advantage of
thl=’method Is that not only.mthe inltfa~.talue z~ Is

lmQwn, but that the ‘tilt~al-Inollnatidn at “thestag-
nation ‘Point z~f also can be ‘Uetermthed.“ The-~~tter

value “isobtained by “exactperformame..

prooess” lim ~ M, (8) “(How@h(6)).
u+ o

the intagral ourve passing through the
is easily found whloh otherwfse is not
possible beoause of the s~ngularity of
equation ~t the stagnation point.

For the profiles of the thiclmess

of the limiting

With “Zm ? known

Initial value z~
immediately - .
the Pohlhausen .

d/t = o, that 1s,
for the f~t tilateand the circular-arc Drofiles. the ease
where the fl”o~does not enter abruptly la = O) ‘Is
exceptional since there exists no true stagnation.
point: the ~elooity at the leading edge has a“finite
value different from O. The Initial value of the
thickness of the boundal~ layer IS here zero. that is.
at the leadlng edge ther& is;

.

Zho = o

.Profile o not abrupt ~
a flow entrance

. .

“o” “ “ “o ““. . . “, .
. .. . ..

2(X3 . .“” ,25 “’ =“: “““

400.’ “- ●5:. “ . ,,.. . ..

800 1

. .

(11)

.. ..

. .

. .

t
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The veloclty near the leading edge of c3imul.ar-arc’
protl.lestakes the same course as ~:,.-’

. .
Un = Uoo +Cvlr+. .m .... ,.

-.1 ----,- ..-“.. . ..-
that 1s, “U?become;;’wi”th”“s-””0 : I&mite like 1/ ~j

- the veloclty has a perpondlail.artangent which always
occurs when the pontou? of the proftle shows a sudden
CIMUIge” fm mmp.tme as $t does”hexw (v. Koppenf’els(8)).
z~”.near the leadin~ ’edgefor a circular-arc prof.fle
behaves like z~ .fo~ the flnt plate,--hat is~ “ Z4 goes

‘ in.a linear”ipeldttonto
facts into oonsideratlon

..
10 “=’~;

It has prowd
elements Z41

of a plotting

s towerd.”0,” Taking l%ese-
there resultf3

# ~“34”.05
’40 Uoo

et the ~eading

.
“ (12)

advantasems to calculate the line
directiy from tie equation (8) by means

of the curves f(hP~ ~d g~@e (See.
fis.””s.) This mo&&od is superior tq the cfictiation of
the line elements by means of tho”often used nomograms
of Mangler (7) W.threspect to aocuracy and its squal with
respect to loss of time. Generally it will be sufficient
to detemine the line elements for each value.of the
absciss& s\t at two ordinate valves only. -.

J

Mo boundary-layer cal~ulatlon yields for each .
profile for a given on value the.hondlmensional
boundary leyer ktckne;s Z4 and the form p~rameter AP4

as a fi.nctlonof the lehgth 0$’the qrc s along the
contour. The distribution of veloctty~ U(T) in the
laminar.bou@e,ry layer is then obtained from:

.
—. ——

‘For the flat plate Z4 = 34,03 s/t (c.coordingto
PO_usen (5))s . .

. . . . . .. .. . . .

,,
~ . .

. .. .-. . . . .
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.

with ... .

The results of the boundar~-layer oaloulatl.on for
the prof’llqs J 800 and J 025 have been plotted as
examples.in figures Land 5: %he form parameter ha
and the nondimensional dlsplamment tlllok- ,

r
neas y Lt. with 8+ standtng for the.dlspleoe-

U

ment thlokness.

The following relation exists between the displace-
ment thiokness and the b;~zndzirylayer thiokness aooording
to Pohlhausen:

1 .

(15)

i
)

I

Ii,.

I . .
I

.—.

The displacement thiokness of the flat plate in,longl-

.,n f,we, ~ f:? ::~:::::e”t”’ gra’h’oa’7tudlhal flow

we following equations
are validt

. . .1, .

. .f . .. . .. . .. . ..
... . . . .
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The profile J 800 (f$g. 4.)shows clearly that
the displacement tshiohess’for Aooeler”atedflow (suction
side) is smaller than the displacement thiclmess of the
flat plate whereas It is larger for retarded flow
(pressure side). (Compare also fag. 16.)

From the bowdary-layer caloulatlon “thereresult
also the lamtiar separation polnts~ According to
the four-term method of l?olilhausonseparation occurs
at APL = -12, according to the sfi-term method (see
below)Tat 1P6 = -10 correslpondi~ to 7%’4= -9,63.

Flow photographs @ve been taken in a Ltppisch
smoke tunnel f’ora part of.the calculated profiles of

U.t
models of 50-centimeter wing ohorfland at Re-numbers ~

of about 2 x 102. The potit~ of sepamtion have been
ascertained from the flow graphs (figs, .6 to 11, appendlx)~
Flme 12 ShOWS the expertiental and theoretical separation
points for various profiles for comparison. Compare
also table 3, The agreement is rather good-

After ~p4 has been asoertalned an a funotlon of

the len.th of’the aro s
?/)

there results the Instability
point s t ~ritm from a stability calculation

(H. Sohlichting (~.I-)] base’:on the six-tcmm method of
Pohlhauseno The P6-me&i~(l~~is based on a one-parameter
group (p=ameter Apg) 0,?boundary-layer prof’iles

whfoh oan be represented b.gpolynomials of the sixth degrees
An investigation of stabilfty wa”scarried out for Q
number of these boundary-layer profiles in (4): f’irst,

(1

.~b “
the critical Re-number of the bo~dary layer ~

crIt.
as a f~ctlon of ~P6 was obtained. The critical

&6*

)
Re-number of.the lamlnar layer \~ as a function

of 3p~ (figs 13) IS then”inmmdtatelym&~& ~lso

because of a ~ivOrsal relation between ~pb and AP4
indicated In (4.).
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.
~ce ~4(s/t ~ has been ~certalnsd ‘fromtie

bound~-layer calctiiati”onaoc6rd~ “toPohlhausen?s
-,~. lr. r.” .- . . .. Ume “--”-‘“-‘---‘---” ~ ““
method a crltfa.alRe-nvmber @ may be

,. v Aritg .
coordinated to each point of the.profile by means of
fi~e 13.* Moreover thp.Re-number of the boundary

U&&
layer — can be calculated for each point or the

.U Uot ‘ ..
proffle at a certain -:

. u
...”

Tho location of the Inst&.bilitypoint is then gLv6n by .

(1s). .
v \ v /cjrit.

IV- IW3ULT3

(a) ~luence of the ca-Value and the Re-mmber ,

The results of the stability oaloulatlon, at 168 -

($
position of the theoretical instability point- .

crlt.
for the sample profiles J 800 and J 025 are plotted
in figures 14 and 15 against Oa with the Re-rivmb~r .

U.t
as parameter and furthermore against with tie

T
ca-value &s parameter. The characteristic cotuwe of the “
ourves iq the-same for all profllosj the fo130wing
statements Era .mlld$ the tnstabllity pofnt travels; .
wlth:lncrfiaaing Oa at a constant’ Re-number, forward..
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on the suctien stale,backward on the,pressure sfde;
the tistabzllty point travels forward on both suction
and pressure sld.ewltli“~ncreasing.Re=pumberat a
fixed c -value. ‘This.behaviorIs demonstrated-very ‘
clearly ?n figures i6 and 17 which r~present the
velocity distributions for the two profiles J 800 and
J 025 for the vaTious” (?&-valuesw~th instabtllty and
separation pa~ntso Ohe cdn see in particular that the ~
Instability points Of the suction si~e f“orRe-numbers-.LloIi
from ~= 105 to 10’7 lte nenr the vGlocity maximu!n;

#
mostly tinepcsitton of the instability point for Re = 10b
agrees well with tha location of the velocity maximum.
TQe prassure stcleof J 800 in the case where the flow
does not enter abruptly (Ca = 1)- Is an dxceptlon
aicng the cbcv~ mentioned tixamples,since the flow from
the leading edg~ to the center of the profile is con-
siderably Increased so that no relative velocity
maxixmm exists. Measurements concerning the dependency
of the trmaltfon point on the ca-value mere taken
by A. Sllvcrste~n and J. V. Becker ($J). W!ese tests
showed (as a result] ths same dependency of the
transition point upon the lift coefficient as the
present theoretical investigations.

(?I] Xnfluence of the Camber of the Prcfile

~-e influence of the camber upon the posltion of
the instabili.~v~mint cmn be descrtbbd as follows:
the inetabiliti.rpoint travels with increasing camber,
at constsnt thfclmess, for all c -values and Re-numbers
backward on the suction side, for&rd on the pressure
“Sidcs lhie Influence o-fthe cambgr.can bo understood
from the f~ct th~t the stagnation point and therefore
the region of the accelerated stabilizing flow trcvels,
with Increasing camber, backward on the suction side
whereas bticauseof the flow around the nose of the
profile a r6gion of considerably retarded destabilizing
flow originates immediately behind th~ nosci on the
pressure side. Figure 18 roprasonts as c.n example the
results for proffles of tile thickness ~d/t = 0015,
with veriable canber f/t for c = 0.25 and again
the Re-numbs as parameter. Tho ~v~s for all thiok-
nosses and all ca=vnluep havo the same characterlsticsi
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[8) iwww?9-,.,- . .... :.&k-,- . . .... ..
The dependency qf the instability po~~~ q~ &hq

thlokness oannot be desoribed h suoh general terms
aS the Influenoe of the”c-er sinoe ~~@ wllMU’lQ~

. depends in the follow- way m the Eta WLIUSI A
oertaih ‘tea ‘notabrupt flow entranoetl~‘-t ‘ss ‘M
~a &lu6 tliatcorresponds to the not abrupt entering
Of .~.flow (a.= 0)’ for the olrmlar are.wottle

17
..

..

with the”given oamb&. is ooordhated to ea-bhvalue of
the oadb~ f~t~ The-curves” (slt)~it”. versus dit -“
at a oonstant f/t show cm prfiolple -twodifferent : :.
types (fig. 19): .“

I. With Increasing thickness, the curves (s/t”)*~it.
verGus d/t start from e flnlte value and have a .
flat

flow

flow

from

minihum:
On the suotion side:for oa ~ oa for not abrupt
changes.
On the pressure side for oa ~ ~a for not abrupt
ohanges.

IL. The curveo (slt1Crlt~ wrsua d\t rise starting ,

0 with Increaslnc thicknes:z:hence. the transition
point moves backward as-follow’s: - -

On the suction side for ca > ~a tor.not abrupt
rlOw ohanged.

On the pressure side for on < Ca for not abrupt
rlOw ohanges.

fie ’reipltsfor the kymmetploal prof’llegat Oa = 0.25 “
are represented ae an example In f’tgurs20. por the
symmetrical pnoflles” ~a”for not abrupt flow ohanges = OJ
that 1s, the dependency OJ.”the instability point on the
th~o~ess d/t for all Ca > 0 is of t~e II on the
suction‘side,of type I on the pressure side,

. .

—

The flat minimum in qurves of type I does,
.

9oases not e~lst at high Re-n@bers (Re = 10 %Yo%, .
and Islt”)orlt;versus @ rises from the finite
value ~t = O.

.
..

...
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(d) List of Tables for the Separation and Instability

Point in all Joukowsky Profiles

The total result of the boundary-layer cnd
stability oaloulations Is represented by a graph of the

oonst. and (s\t)orlt,~ oonst., respeo-O~vOs fs/t)Ap 6 = .

tlvely, In a system of axes thiolmess d/t - cqnber f/t.
(See figs. 21 to 30.) A prof’ile”corresnondsto eaoh point
Or the planet In partloular, the symmetrical profiles
are coordinated to the nolnts of the d/t-axis, the
oiroular are profileq to.the points of the f/t-axis,
and th~ flat plate oormsponds to ths zero point.
Lift ooefflolent and Re-nmber are oonsldered as
parameters, One has therewith a catnlogue of Joukowsky
profiles that make it ~ossi.bleread off,for every

profile in the region O ~ d/t ~ 0,25; C)~f/t~ O/Ofl,
<

the position of the separation points for O = c ~ 1
(figs. 21 and 22) and the position of the insta~llit~

<
point for O = Ca ~ 1 and 105 ~ Re ~ 103. P’lgures23 to 30
represent the ourves (s/toritO= consto for the

Uot
Reynolds numbers from Re = — = 105 to 108 at

the oa-values Oa = 0, 0.25,’’0,5,and 1 for suction
and pressure side, For instance the values Indioated
In the following tab~e f’orprofiles of the camber f/t = 0.02
and the thldcness d/t = 0.10 to 0.15 at Re = 106 and 107
are taken from these representations. (See page 190]

The most remarkable matter in this granhloal repre-
sentation is the location of the curve (6/t)Ap 6 = o, md

(s/t )~rit = (),respeotfvely, at the vsrlous Oa-ValWSa
●

The position of this zero ourve in the catalogue for the
instability ~olnts will be dlsmssed; the same Is valld
for the separation points, ‘Slt)orlt.= O on only

appear for the flat plate and the olroular-aro profiles
on the suotion side for Oa > Oa for net abrupt flow

ohanges,..onthe messure side for Oa < Oa for not

...
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Zhe ctM3 (a/t )Crit. = O always
abrupt flow changes’
cotncides with the f/i&lsj “itforms a part of
the f/t-axis which ls:determfned by the actual ca-value.

Therefore no point (s/t)Cpiti;= O exists on the suction

sfde for Oa = O sInee >0
Ca”for not abrupt flow changes

for all circular-arc prol?lles~ For the prGssure side,
on the other hand, (s/t) = O on the whole f/t-axis.

Crit●

There I’oIJ.owsIn the same pay f’or Ca = 0.25

that (s/t) crite= O for O ~ f\t < 0.02 on the suction

side and for f/t > 0.02’“dn t’he pressure side. Pressure
and suction sfdo, therefore, always complement each
other. The point which corr~spon~s to the c~rc~~-arc .
profile with Ca = c

(f’Oi’ ins tsnce
a for”not abrupt flow changes

J &20 &t Ca’= C!.5, compcmc figs. 25 to 30),
that is, the end point of the distance (s/t )Crtt, = O

Is a singular point in tho followl
Y

sanse: me point
itself assumes a certain value (s/t (cliff erent

crlt,
for pressure and suctioq side), but an infinite number
of ourves (s/t)crtt. = const. Ywhichare=.crowding

togetlier.asymptctlcallytcward (s/t)crit@ = O run

Into it. It is true,.these relatlons f~r the very thta
profiles give only qualitative results from the present
investigations. An additlcmal series of thin profiles
would hava to be investigated in or~or to make more
accurate statements

/
ossible. Howevor, only profiles

with thlclmesses d t > 0,05..whichcan be analyzed
quantitatively, are or pqact.lqelInterest.

For Ca = O, (s/t) . is &he same on suction and
Ci’j-t ●

pressure side for the symmetrical profiles. Therefore
the curves (s/t) =.oonst. fcr suction and pressure

Crlt. .
side would adjcin at Ca = O in a joint representation
of the suction and preqsure side”where for the pressure
side the measme of the ctamberis directed downward~
For values Ca#O also t~e curves (s/t)crttO = const$

..



MAoATMNo. 1185
I

21.
..

have oontin~tions w~ch correapondmto the- -
‘“c~ves”[s/t&--it:= o“onstW”for the-pressure and - I

suction side, reapectlvely, at the appertaining Ca-value
wtth inverted sign.

.“

(e1 Mean Value of

Suotlon and Pressure

.!

the LamZnar-Flow Distance on

S~e for all Joukowsky Prof13es

Zn vfew of the development of Umlnar profiles
the mesnmvaluo of the laminar-flew d.ist~.ceon suction “
and pressure side is lnteres~inr~ .Flguros 31 and 32 “
chow the curvtismean value (s/tlcrttO = conata in

the d/t-, f~~-plmle for various lift coefflcienks and
Uot

ti-.&~L~-nmb~r~ ~ =

.[

106 an5 lG7 ‘ ~ = 0.5

(

crit ●

s +s -i-

)!
Generall.y”the .crito suction critc pressure ●

f~llowln~ cormluslons_are v~lid: ‘42he profiles with the
smallest mean valuti(s/t)crlt. foh a certain ca-value#
lie near the ctroular-arc profile to which this vEihK?
is coordinated &s c

a for not abr”upt florr changes”
‘JMs prof~le will be for Ca = O the flat plate,

for Ca = 0.2~ the profile J 200, for Ca = C.5 the

profil~ J 4CI0and finally for Ca = I the profile J 800,—
Uot

Thers seeti to be &I exceptional case at 13e— = ~06

and Ca= 0.5. (fig. 31) which can be expla~n~d as “
followsz The ctroulsr-arc profile for which at the .
considered ca-value the flow enters ‘tnotabruptly”

(for instance J 400 at Ca =

/

0.5) is 8 singular potnt
fn the f’t-, d/t-tllagram. Approachi~~ this,profile
on the f t-axis from two different sidus one obtains
t~o dlff’erentllmit values (s/t]Crit., since once only
the auction side and once only the pressure side
contributes to the mean valuoo” Only for the s@ular
point itself.sucflon a~d prossur~ side contribute so
that this profile has a higher (s/t]Crit, tx. the
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profiles on the
the curves mean

f/tyax5.g neq, ~t, If one now considers
value.(s-/.)eTitOtO : consot;for values “

.... :.. ..
hixher than the two l~t vqlueq (-range 1). These
cw–ves enclose the stngular point and end at two poihts .
on the f/t-axis. The remaining smaller mean “
values (E’/t)critCgenerally cover only a small region

near the singular point’(r-e 11-)where, with the
present investigations as a basis, ~re accurate .
stattimentsare not possible, Only for the

Uot
case — = lo~”~d-ca= 0;5’ the rahge II corn”prises

v
all profiles of. the ‘serfes considered here since on the”
pressure side the profile ‘J”]LOOat Oa = 0.5” and ~
Re =. 106 has no transition ”qolnt l/-(s t)crite .= i and

therefor~ the point “.P/t =
J

O.0~} ob~ains. a high maan
value (s/t ) > 0.5, For this case there are closed

crlt,
curves (=/t) = const. and there ~lsts a profile (J 115)

with the smallest mean value ~(~/t)crit@ = .0.155at ~
Re =“ ~06.

:1 .

Moreover, the followin~ results are obtained from “
figures 31 an~ j2: All Joukowsky profiles have small
mean values (s/t)crit,; for instance, the mean values

for practically important profiles with the camber
, f/t = 0.02 and the thlclmess d/t = 0.10-to 0.20 at “

Re-numbers of 106 to 107 are between 0.08 and 002.
Thes6 mean v~lues are only to a small decree dependent
on the lift coefficient; for Instan e, the mean values
for the m?oflle J 215 at Re = 10t and at lift coef-
ficients’ Ca = O to 1- are be@een

.=v. stimY

0.16 and 001750 .

A series of Joukowsky profiles with thick-
nesses d/t = O to 0.25 and cambers f/t = O to 0,08
was lnvesti~atiedwith respect to-the position of the

. Instability point for various lift coefficients and
Re-nmnbera. ‘lhe.followlngresult was obtained: With

.
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lnoreas~ Re-number.,.the instabl.lltypoint moves
forwtid on suction and ~reb~ure side; with increaslnC
c!a-valueit moves forward on the suotlon side, baoL-ard
on the ~ressure side. $l!hemsitloti of the “instability
po$nt a; a function of’ ‘tMckness and camber of the -
profile is represented in the ~hape ‘@fa graphical
list of tables wh@h peqnd.tsthe readin~ off of the
position of tlieinstability point on suction and pressure
side as WO1l as of the rnaanvalue of the lsminar-flow
d~stance on suction and pressure side for euch”proi’ile
of “theseries.

Translated by Mary L. Mahler
Nation&l Adv~sory-
Committee for Aeronautics .
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. TABLE1

PROFILECONsTkTTs(cobuiENTsSEE PAMGRAPH III (n)) ...’

dca.
broflle ‘1 ‘4 ~ ()kT t

F F Y : :: ;/t.
{deg) Ca=o Suction aide Presmre aide

(1) . . (d/t)2
(2) ‘

000 0 0 0 1 4 1 0 1.183
005

k
.01 0 0 1.0394 4.006

::%1
1.00

I
.0031

010 .03 0 1.0765 4.024
1.180

1.01 .0116 .1.172
015 .131 : 0 1011 9

? i!
1.028 1.028

p6
.02 g

$

1.150
020 .183 0 0 1.157

‘&
1.0 5 1.0$5 ●O 7 1.118

025 .240 0 0 1.1934 . 1.0 1.009 .0 74: 1*083

200 0 .040 2.3 1.0008 k 1.002 1.0015 0
205

k
.01 .040 2.3 4.006 1.013 1.006 .0031 ::

210 .0 3 .O11o 2.3
HI

py 1.025 1.009 :;;l;“,,. ,
215 .131 .040 2.3

b
1.041 1.o16

220 .185 .040 2.5 1.156
h

@6 1.057 1.028
$●O 7“ !“!’!

225 .240 .040 2.3 1.19 1.077 1.059 .074

I+oo O.O~
$3j ~:~

1.8032 4 k
1.00 l.oti ,,

&
b

1.0427 4.006 :::135 1.005
.03 :.::99 a 0;%2 “ “

pl$
!

1.00
g? ●1 1

i
;:% f~

@
1.09 1.012 .028

.1 3 1:15 1.06 1.0215
425 .240 .080 4:6 1.1972 4:156 1.085 1.0515 $:: 71 ‘“””

800 0 .162 9.2 1.0131
..,.

h 1.017 1.017 0
80~

b
.01 .162 1.0530

dg ;:;
1.029 1.01

~:$
4

.
.0 3 1.0906 l.olp! 1.0 :%% “

815 ●1 1
i

1.130
.162 ;:: 3 k

1.058 1.01 .028 ‘ .““’..
820 1.169 1.07

:&i &;6 i
1.023

$
JJ 7 .“”

825 .162 9.2 1.2090 1.12 10042 ●O 74”

Annotations. to table 1: ~

1The profile thicknesses d/t determined by the parameter values cl do not agree quite exactly with the
s

IMckneas indicated by the profile type. The exact values of d/t are obtahed by calculation of the profile ~

contour according to equation (1) with ita valuea cf El ~d E4s ●
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TABLE 2

“l--

TBEORETICAL ANGLE OF ATTACK. a (~G~ )

Ca 1---

I

0 -$.3
.25

1’
● 2.3

6.9

0 -9e2
.25 -6.9
~e5 -~.6

o
1

Prof110

o 10
2*2 2.1

!ltlk
9
● :t

[

+
-2.3 -2.3

1 -02
21
6.5 t:z

1

405 I l+lo
,

-9*2 -9.2

:Z::
-7.1
-5.0

-“5 -98
1

015
I

020

0 0
2.05 2.0

k:2 b
●0
.0

i

215 I 220

-2.3
-.25
1.8
5*9

415

-2.3
-. 3
1.
5*1

@o

-4..6
-2.6

7
;:3

I

815 I IWO

-9.2
-7.2
-5.2
-1.1

-9.2
~;.25

-1: ?

025

0
1.
3*87.6

225
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J 400

J 800

J 005

J 025

J 415

J 815

TABLE 3

LAMINAR SEPARATION POINTS; COMPARISON

OF TEST AND CALCULATION

s = Suet

Theor.

Exper.

The ore

Exper.

The or.

Exper.

The or.

Exper.

The or.

Exper.

T&or.

Exper.

m
~a

s
D

s
D

s
D

s
D

s
D

s
D

s
D

s
D

s
D

s
D

s
D

s
D

n sidei

o

0.929
0

0.92

.8925
0

● 88
0

●997
● 997

.)+025

.l+025

y;

● 686
● 200

995
● 19

●7 7
1?.0 27

.86

.06

D= Pressure side

0.25

0.891
0

.88
0

.86
0

● 84
0

.6596

● 70

● 53
i?● 35

●U
.485

.630

.283

.86

.29

.68
z’.05 2

.78

.075

0“5

0.835

.83

● 8275
0

.80
0

.28

08
i: 91

.385
● 54

● 570
●377

● 73
.31

.648

.0934

.71
● 10

0.75

0

.75

0

.76
0

● 10

.36

.60

.65
● 33

.67

.12

1

0

0

●755

● 73

.015

.252

.592

.2
2.8

——

.1176
●494

:8

● 591L
● 1924

.63

.16
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000
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205
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F@ure 1.- Joukowskyprofiles:thicknessd\t = O to O.25; camber
f/t= O to 0.08. Profilenumber: forinstance,J 415 standsfor
tkejoukowsky profile with f/t = 0.04 and d/t = 0.15.

Y &x+/-y

lift-mxis
-f
‘.

P

1
JI Y=o
I

\
-x

Zero

t

/
u. I

~ti 1

7@ralift..=i= I
/!

-
1

------

(schematic)

y

profile parameter: E,=; (thickness par. )

E4=~ (C-her par. )

Figure 2.- Explanatory sketch totheJoukowskytransformation
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‘TTt-TFn -25t--t-mtTli-i
‘T’’?-tzml-l

I I M:-,
o -2 -4 -$ -8 -fO -t2 02468 w 12

point

Figure 3.- Auxiliary function f ( ~ p~ ) and g (X P4 ) for the boundary-layer

calculation.
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l?igure 4.- Profile J 800, boundary-layer calcuhjti~n: form p~rameter LP4,

and displacement thickness ~ T+ ●
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.

—4,6 o

—2,3 0,25

0 0,50*)
2,3 0,75
4,6 1,00

Figure 6. Profile J 400 smoke tunnel
photographs (Re = 2. Ioh.

*) not abrupt entering.

,@ C*the...

—9,2 o
—6,9 0,25
—4,6 0,50

—2,3 0,75

0 1,00”)

Figure 7. Profile J 800, smoke tunnel

photographs (Re = 2. 105). Laminar

separation points see Fig. 12.
*) not abrupt entering.

..-. . .—
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,@ c,,tlm.i-.

o 0

v o,~~

4,4 0,50
6,6 0,75
8,8 1,00

Figure 8. Profile J 005, smoke

(
photographs (Re = 2.105).

,@ I c“them

o 0
1,9 o,%
3,8 0,50
5,7 0,75
7,65 1,00

tunnel Figure 9. Profile J 025, smoke tunnel
photographs (Re = 2.105). Iaminar
separation points see Fig. 12.
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1.

—4,6 —8,1 o
—2,5 —6,3 0,25
4,5 _~,~ 0,54)
1,45 —2,2 0,75
3,5 —0,2 1,00

Figure 10. Profile J 415, smoke tunnel
photographs (Re = 2.105). Definitions

I

I

,@ ego cc,,1,,0..

_9,~ —11,3 o
—7,2 — 9,3 0,25
—5,7 — 7,25 0,50
—3,2 — 5,25 0275
—1,1 — 3,25 1,00

Figure 11. Profile J 815, smoke tunnel

photographs (Re = 2.10510 Laminar
sepration points see Fig. 12.of oc and a g see Fig. 2.
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lsJ = suction side
— Theoretical

[D] =prea..r. side .—C)-. E.p.ri=..l.l

10 ,

W

04 -----

az

—Q
L?% 05 075 1

39

Figure 12. - Laminar separation points A P ~ versus Ca, comparison of test

and calculation for the profiles J 800, J 025, and J 815.
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Figure 13. Universal relation between

and the form

um6 *
the critical Reynolds number ( ~ ) crit
parameter X ~4 .
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l?25 45 0?5 l,o

~ ~ 3800
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\ o

\
02 ~,,

‘. ‘aNot abrupt ~“ entaring

41 -“ .% of the flow

‘ ---
------

II
—l+

-----h

107 108
‘-- pressure side

iob 1(P lo~

— Suction side

F’igure 14. - Profile J 800: Result of the
Uot ~d

stability

Ca=

calculation,

v
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0.4

Ill—-.

I

IL74 105 li?6 107 108
— Suction side ----- presmure side

Figure 15. - Profile J 025: Result of the stability calculation, (~ ~rit versus
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Figure 19. - Characteristics curves about the influence of the thickness of
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separation point; M = msximum velocity; S = stagnation petit.
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Figure 27. - Position of the instability point (s/t) ~rit, as a function of the
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side; Re 107 .=
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Figure 28. - Position of the instability point (s/t) ~rit. as a function of the

thickness of the profile d/t and the camber of the profile f/t; pressure

side; Re = ~~7 ●
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Figure 30. - Position of the instability point (s/t) ~rit, as a function of the

thickness of the profile d/t and the camber of the profile f/t; pressure

side; Re = 108 .
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Figure 31. - Mean position of the instability point (5/t) ~rit for pressure and
.

6
suction side at Re = 10 . (~) ~rit. = 1/2 (scrito suet. side + scrit. pressure

side ).
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Figure 32.- Mean position of the instability point (=/t) Crit. for pressure and
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